INTRODUCTION
Flow-induced vibration of two tubes in crossflow has been studied extensively.
It includes vibration in stationary fluid, turbulent buffeting, vortex-induced vibration, and wake induced flutter. Several reviews were published by Chen (1986) and Zdravkovich (1977) . On the basis of the available information, the general characteristics of tube response in crossflow are not well understood in the various parameter ranges, since most of the experimental data were obtained for specific applications. A systematic study is needed t o quantify the response of two tubes under different flow conditions. The objective of this paper is to present an unsteady flow theory for two tubes normal t o the flow, or two tubes in tandem, with a pitch-to-diameter ratio of 1.35 (see Fig. 1 , where D is tube diameter).
For two tubes oscillating in crossflow, the fluid forces acting on the tubes are fi and gi (i = 1,2) in the x and y directions. The corresponding tube displacement components of the tubes are ui and vi. The fluid forces acting on the tube due to the tube motion are given by (Chen 1987) and where p is fluid density; R is tube radius; t is time; o is circular frequency of tube oscillations; U is flow velocity, a$, p3, ojk, and 2 3 are added mass coefficients; a&, P;k, b;k, and Z;k are fluid damping Coefficients; and Ctik, P&, C $ , and Tik are fluid-stiffness coefficients. The main purpose of this study is t o measure the motion-dependent fluid-force coefficients for two tubes in crossflow. Once these fluid-force coefficients are obtained, tube response in various conditions can be analyzed on the basis of the unsteady flow theory.
EXPERIMENTAL SET-UP
The two tubes tested are shown in Fig. 1 , where the tubes are normal to flow (Fig. l a ) o r in tandem (Fig. lb) . A water channel, 18 in. wide and 15 in. deep, is used. Water is pumped into an input tank and then passes through a series of screens and honeycombs and finally into the rectangular channel. The water level is controlled by standpipes in the output tank and the flow is controlled by the running speed of the pump motor.
Flow velocity is measured with a current flow meter. The rate of propeller rotation is directly proportional to stream velocity and therefore the sensor output signal is not effected by other factors, such as water conductivity, temperature, and suspended particulates.
Tubes are supported by flexible tubes attached t o the stainless steel tubes with a 2.54-cm OD, a 0.071-cm wall thickness, and a 38.1-cm length. Two sets of strain gauges are placed on the outer surface of the smaller tube where the outer surface of the tube has been machined t o give an octagonal cross section (Chen, Zhu, and Jendrzejczyk 1994 
MOTION-DEPENDENT FLUID FORCES
The unsteady flow theory is used in this study. If tube 1 is excited in the x direction, its displacement is given by u1= u cos at.
The fluid force acing on the two tubes can be written Reynolds number varies from about 1200 t o 4200. In all tests, when the flow speed was set at 0.15 d s , different excitation levels were given t o determine the fluidforce coefficients as a function of excitation level.
Fluid-damping and fluid-stiffness coefficients are obtained for both two tubes normal to flow and two tubes in tandem. The following data are available:
Two Tubes Normal to Flow: Fluid-force coefficients due to the motion of tube 1
in the x and y directions.
Two Tubes in Tandem: Fluid-force coefficients due to the motion of tube 1 in the x and y directions and due to the motion of tube 2 in the x and y directions.
To limit the length of this paper, only the data for two tubes normal to flow are when Ur = 0, it is equal to ai. When Ur is not equal to zero, CM depends on Ur as well as on aj'j, which in turn, depends on Ur and oscillation amplitude.
From Eqs. 18 it is noted that when 4 is positive, it will contribute to negative damping to the system. In some cases, the resultant damping may become zero and the system will become unstable. From Eq. 19 the critical reduced flow velocity at which the modal damping ratio is zero can be calculated from where 6 is a mass-damping parameter (6 = 2n<,m/pD2). This is the critical flow velocity for fluidelastic instability.
Equations 18-20 can also be applied t o oscillations in the y direction. Replacing all a by p in Eqs. 18-20 yields the equations of motion and stability criterion for constrained mode in the y direction. From Eqs. 19 and 20, it is noted that when the value of the fluid damping coefficient, OSJ o r p i , is positive, the tube may become unstable. The region depends on tube arrangement, location, and flow velocity.
From the fluid-force coefficients, oJj is found t o be positive in the regions given in Table 1 . Fluid-damping coefficients in the y direction pi1 and E 2 are always negative; this means that oscillation in the y direction will not become unstable.
The natural frequencies of constrained modes are affected by aij and pij-When the fluid-stiffness coefficient is positive, the frequency is reduced. The regions in which ail and 0r;iz are positive are given in Table 2 . It should be noted that fluid-damping and fluid-stiflhess coefficients are functions of Ur (= U/fD); therefore, a numerical method is needed t o calculate f and 5.
The stability of a cylinder array is determined from equations (15) and (16).
The nondimensional parameters in equations (15) and (16) i.e., the critical flow velocity is a function of mass ratio and damping ratio only.
Fluidelastic Instabilitv in Lipht Fluid
In a light fluid, fluid inertia and damping associated with the quiescent fluid can be neglected. Equations (15) and (16) Various approximate theories for two tubes in crossflow are useful in specific conditions. The unsteady flow theory accounts for the interaction of tube motions and flow field adequately; it can be applied t o various conditions. The key elements of the unsteady flow theory are the motion-dependent fluid forces. It requires an extensive effort to obtain these forces experimentally. Some studies have been published to calculate these forces numerically (Sadaoka and Umegaki 1993, Ichioka et al. 1994) . It is expected that once it is developed, computation fluid dynamics method will be more economic. Motion-dependent fluid forces (Fig. 2a, 2b, 2c , and 2d) acting on the two tubes with the pitch-to-diameter ratio of 1.35 ( 
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